INTRODUCTION
Mimicking the microenvironments of natural enzymes using simple molecular capsules has fascinated supramolecular chemists since the pioneering work of Breslow.
1 A combination of factors contributes to the remarkable activity and selectivity that many biological catalysts exhibit, which includes electrostatic preorganization 2a of the active site through non-covalent interactions (hydrogen bonding and electrostatic) and complementary apolar environments. Conformational flexibility has also been postulated to play a key role in enzyme catalysis, wherein changes in the conformation of the enzyme or substrates result in an increase in catalytic activity. 2b Inspired by these biological systems, a number of synthetic capsules arising from self-assembly have recently been shown to possess promising catalytic properties. [3] [4] [5] [6] However, the rational design of preorganized but flexible supramolecu-lar structures remains a challenge, not least because the introduction of rotors into the pre-assembly components typically produces smaller superstructures that often lack a well-defined cavity (e.g., M2L3 helicates). A deeper understanding of the interactions at play and their dependence on the flexibility of the host-guest complex is still lacking.
For catalytic applications, the cavities of synthetic capsules must accommodate one or two substrates. With coordination assemblies, reactant binding has most commonly been accomplished using the hydrophobic effect. [4] [5] [6] However, the cavities of such systems are invariably defined by large, flat aromatic surfaces and are unable to provide point electrostatic stabilization in the same way as an enzyme active. Consequently, coordination capsule catalysis has relied heavily on entropic mechanisms and/or ion-pairing effects. [4] [5] [6] Recently, we have described an alternative host-guest approach that instead exploits convergent, secondary coordination spheres as polar recognition elements. 7 The success of this method relies on minimizing competition with both the solvent and counteranion; the simple Pd2L4 cage structure, C-1 (Scheme 1) binds complementary quinone guests most strongly as the BArF ([BArF]=B-(3,5-(CF3)2C6H3)4 − ) salt in dichloromethane. This approach gave some of the highest association constants ever measured for a neutral guest with a coordination assembly, close to 10 9 M −1 . This polar encapsulation mechanism also modulates the electronic properties of the guest, which has been further exploited for Diels-Alder (DA) catalysis, 8 wherein acceleration can be attributed to LUMO stabilization of the bound dienophile. Internal electronic activation of the dienophile selective increases reactivity compared to the bulk-phase such that the capsule microenvironment can influence both regio and chemo-selectivity. The shift from a coencapsulation approach was also found to alleviate the long-standing problem of product inhibition.
This reaction of the bound dienophile with the incoming diene must necessarily involve some molecular reorganization of the bound species. As C-1 is pre-organized for substrate binding, it could be anticipated that it must also undergo some conformational change to maintain contact with the both carbonyl groups at the transition state (TS). Interestingly, a detailed kinetic analysis of the DA reactions showed that the effective association constant of the TS (also referred to as catalytic proficiency) is three orders of magnitude greater than the substrate. While part of this is likely attributable to the greater H-bond accepting strength of the TS (resulting from flow of electron density from the diene HOMO to the dienophile LUMO), the capsule must equally be able to accommodate the change in shape and size of the bound species during the reaction pathway. We were therefore keen to explore how capsule flexibility affects catalysis, targeting an evolutionary design strategy that involved
RESULTS AND DISCUSSION
The hemi-cages of general formula [(cis-protecting ligand)Pd)2(ditopic ligand)2] 4+ were prepared starting with the cis-protect palladium(II) chloride complexes (Scheme 2). F NMR spectroscopies, as well as HR mass spectrometry. As expected, 1 H DOSY revealed an increase in size following self-assembly, with similar hydrodynamic radius of 7.8 Å, 7.6 Å, and 8.3 Å calculated for 1, 2a and 2b, respectively. In addition, the solid-state X-ray crystal structures confirmed the connectivity of 1 and 2b (see below for discussion in the context of host-guest properties). Unfortunately, attempts to prepare the corresponding BArF salts using anion metathesis were unsuccessful, resulting in the formation of oils that could not be readily isolated.
Scheme 2. Synthesis of hemi-cages 1, 2a-b. Yields of isolated assemblies shown in parenthesis.
Turning to binding studies, naphthoquinone, G-1, was selected as a guest, not least because comparable data for the parent cage C-1 with a range of solvent / counteranion combinations was available. 7 Furthermore, it was also anticipated the additional favorable interactions between the inward facing C-H bonds (Hb) and the π-surface of G-1 could be critical considering that half the ortho-pyridyl H-bond donors would be lost compared to C-1.
Promisingly, adding a large excess of G-1 to hemi-cage 1 produced a change in the 1 in CD3NO2, just half that of the BArF cage ( Table 1 , entry 5). We also decided to change the cis-protecting ligand from bpy (2,2'-bipyrine) to TMEDA (tetramethylethylenediamine), not only expecting improved solubility, but also that the N-methyl groups may provide additional weak CH···O H-bond donors, thus regaining some of the interactions lost with removal of two ditopic ligands. However, even with these possible additional interactions and less competition from anion / solvent (SbF6 / CD3NO2), the Ka of hemi-cage 2a with G-1 was similarly low (<5 M −1 ; Table 1 , entry 2). It was also noted that the difference in G-1 affinity between cage and hemi-cage structures with this less competitive counteranion / solvent combination was significantly more pronounced ( Table 1, entries 2 vs. 5).
We also decided to investigate the CF3 substituted ditopic ligand, 1b, anticipating that these electron- 
Conformational flexibility
No flexibility on guest binding formations (chair vs boat). In comparison, the two cage structures (C-1·4OTf, bottom left; pentacenedione⊂C-1·4OTf, bottom right) exhibit very little structural change. Pd-anion and Pd-Pd distances in Å.
While we were unable to co-crystalize any of the host-guest complexes, perhaps unsurprising because of their weak association, we obtained X-ray crystallographic quality single crystals of "free" hemi-cage systems 1a and 2b (Figure 2) . Notably, the solid-state structures reveal significant global differences-whereas 1a crystallizes in a transoid ("chair") conformation, with a Pd-Pd distance of nearly 14 Å, 2b adopts a cisoid ("boat") orientation, with just over 10 Å between Pd ions (Figure 2a ). In the case of 1a, we find that there are weaker coordination due to the electron withdrawing CF3 groups. However, the overall effect of the CF3 group on the host-guest chemistry appears to be favorable ( H NMR investigation of 2a shows that this interconversion is a low-energy process -even at 213 K, the time averaged NMR spectrum remains unchanged, except for slight broadening of the TMEDA Me signals (see Supporting Information). Considering the strength of Pd-pyridine interactions, it therefore seems likely that the "chair" and "boat" forms are readily interchangeable conformations (i.e. they interconvert through bond rotation) and not configurations. It is also likely that the "chair" and "boat" structures of 1a and 2b represent two likely extremes, thus we can conclude that the hemi-cage systems possess a large conformational flexibility. Significantly, this conformational flexibility is not available to the corresponding Pd2L4 structure. Comparing the two known X-ray structures of cage C-1, they show little change in the associated Pd-Pd distances (11.9-12.2 Å, Figure 2a ) even with quite different guests . 10 The solvents used experimentally in this study-CH3CN (ε=35.7) and CH3NO2 (ε=36.6) -were modeled as a continuum using the Solvation Model based on Density (SMD).
11
In the absence of anionic guests, the calculations reveal that the cisoid ("boat") and transoid ("chair") forms of 1 and 2 are very close in energy, with the latter conformation being marginally favored, as expected based on a simple coulombic argument (Table S9) . Furthermore, significant structural differences can be observed between the parent cage system C-1 and even the "boat" forms of the hemi-cages 1/2-in particular much longer Pd-Pd distances (C-1, 12.1Å; 1/2, 14.6-14.9 Å; Figure 3 and Table S10 ). Upon binding of the anionic guests ( -OTf and SbF6 -), the cisoid complexes of 1/2 become more stable than the transoid form by at least 3 kcal/mol (Table S9 ).
This binding also produces a significant change in the structure of the cisoid hemi-cage systems, wherein the intrinsic conformational flexibility leads to a contraction along the Pd-Pd axis of at least 5 Å for all four complexes (Figure 3a(ii)-(iii) and b(ii)-(iii) ). Binding of the quinone guest G-1 to cisoid forms of 1/ 2 leads to a much more subtle conformational change, with less than 1 Å reduction in the Pd-Pd distance relative to the empty cage (Figures 3a(iv), 3b(iv) ). In contrast, binding of either neutral or anioninc guests to the parent cage C-1 produces very small changes in the Pd-Pd distances (Figure 3c(ii)-(iv) ) compared to the free cage. It is also interesting to note that while G-1 forms eight symmetric CH···O interactions with both the "upper" and "lower" inward-facing ortho-H atoms of cage C-1 (Figure 3c(iv) ), the SbF6 -anion sits unsymmetrically between the two sides ( Figure   4c(iii) ), as the rigid structure is unable to adopt a conformation where both pockets interact simultaneously with the guest. In the -OTf⊂C-1 complex, the asymmetric binding mode is even more pronounced, leading to an overall twisted capsule and highly asymmetric CH···O/F interactions (Figure 3c(ii) and S36) . 
Next, we compared the binding energies of the different guest species to C-1, 1a/b and 2a/b. From an experimental point of view, the previously reported BArF salt of C-1 best embodies an anion free cavity, and thus pro- ) and the computed values in dichloromethane (ε = 8.9; ΔG = −9.9 kcal mol −1 , see Table S11 ). In CH3CN (ε = 35.7) and CH3NO2 (ε = 36.6) the computed association energies decrease to −7.6 and -7.9 kcal mol , respectively. Even though calculations systematically overestimate the experimental values, they match well the experimentally observed trends.
Such tendency to overbind has been previously recognized when using the TPSS-D3(BJ) functional to study the Kr2 and benzene-methane complexes. 12 This suggests that dispersion effects may be slightly overestimated by the empirical dispersion term used in combination with this functional. Moreover, our model does not explicitly take into account the interactions of the solvent with the host and guest, which might explain the discrepancy between absolute values. Further studies of this topic will be the subject of future work. Compared to C-1, binding of G-1 to hosts 1 and 2 is less favorable. For 2a the host-guest binding free energies is −3.4 kcal mol −1 in CH3CN, while for 1a it is actually endothermic (+0.2 kcal mol −1 in CH3CN; −0.1 kcal mol −1 in CH3NO2, Table S11 ). These results lead to the question about the origin of the differences in binding between 1 and 2 and suggest that even in the absence of counterions these systems show intrinsically different behaviour, with binding of G1 to 1a being intrinsically unfavourable. Analysis of the electron distribution (Table S13 ) provides evidence that in C-1 the host-guest complex is much more polarised than in 1a/2a. This is due to not only the more acid character of the CH groups in C1 but also to the less negative net charge on the Pd centres compared to 1a/2a, which will reduce the electron repulsion between the Pd and the oxygen atoms of the guest. In fact, NBO analysis suggests a favorable interaction between the oxygen atoms and the metal center (Table S14) .
In both cases, the addition of electron withdrawing CF3 groups gives a slightly more favourable binding, as it increases the acidity of the CH groups. 
Guest ΔH TΔS ΔG ΔH TΔS ΔG ΔH TΔS ΔG ΔH TΔS ΔG ΔH TΔS ΔG
− OTf -0.1 -1.8 1.7 0.4 -3.3 3.7 -0.7 -2.2 1.5 -0.6 -3.2 2.5 2.6 2.1 0.5 G-1 4.6 -2.9 7.6 5.7 -2.1 9.8 0.9 -1.4 2.3 2.3 -2.6 4.9 -0.9 0.3 -1.2
We have also computed the competitive displacement of a bound SbF6 -anion from both hemi-cage and cage systems by -OTf and G-1. The binding free energies associated to this process are presented in Table 2 . As can be seen, the displacement of the SbF6 -in 1a by -OTf is entropically unfavorable, while for G-1 both enthalpic and entropic contribution are unfavorable for binding ( ΔG = +1.7 for -OTf and ΔG = +7.6 kcal mol −1 for G-1). In 2a, displacement is still unfavorable, however energies are very similar for both the anionic -OTf and neutral G-1 guest. In this case, enthalpic contributions are favorable for the -OTf anion and just slightly unfavorable for G-1.
These results reveal that, as expected, it is more difficult to remove SbF6 -from the hemi-cage system, as the conformational flexibility allows the structure to "bite-down" more effectively on this anion, providing more noncovalent contacts. Finally, in C-1, binding of neutral species is enthalpically favorable relative to the anionic specie SbF6 -, and in contrast to the previous scenarios the entropic component is almost negligible. This can be related to more favorable hydrogen bond and O-Pd interactions, which lead to a favorable enthalpic contribution.
CONCLUSIONS
The concept of utilizing rigid hosts to achieve very high binding is somewhat less favored than previously, however, we have shown here that this pattern is still true for self-assembled systems where there is excellent complementarity with the guest. While our experimental results have revealed only weak binding by these conformationally flexible hemi-cage systems, a likely result of competitive anion binding, a computational analysis has shown that these systems possess promise. We anticipate that flexible, adaptive guest binding that is difficult to achieve with rigid coordination assemblies could be particularly beneficial for stabilizing catalytic reaction pathways.
EXPERIMENTAL SECTION
Materials and methods. All reagents and solvents were purchased from Alfa Aesar, VWR or Sigma Aldrich and used without further purification unless stated otherwise. All reactions were carried out under air, unless stated otherwise. Naphthoquinone was recrystallized form hot CH2Cl2/pet ether 60-80 (1:3). All 1 H, 13 C and 19 F NMR spectra were recorded on either a 500 MHz Bruker AV III equipped with a DCH cryo-probe (Ava500), a 500
MHz Bruker AV IIIHD equipped with a Prodigy cryo-probe (Pro500), a 600 MHz Bruker AV IIIHD equipped with a TCI cryo-probe (Ava600) or a 400 MHz Bruker AV III equipped with BBFO+ probe (Ava400) at a constant temperature of 300 K. All DOSY experiments were performed on the Ava500 using bipolar gradient pulses for diffusion with two spoil gradients (ledbpg2s.compensated) pulse sequence. The sequence was carried out un-der automated conditions where the duration of the magnetic field pulse gradient (δ) was 1.5 ms and the diffusion time (∆) was 100 ms. Typically in each PFG NMR experiment, a series of 16 spectra on 32 K data points were collected and the eddy current delay (Te) was set to 5 ms in all experiments. The pulse gradients (g) were incremented from 2 to 95% of the maximum gradient strength in a linear ramp. The temperature was set and controlled at 300 K with an air flow of 400 L h -1 in order to avoid any temperature fluctuations due to sample heating during the magnetic field pulse gradients. Chemical shifts are reported in parts per million. Coupling constants (J) are reported uncorrected in hertz (Hz). Apparent multiplicities are reported using the following standard abbreviations: m = multiplet, q = quartet, t = triplet, d = doublet, s = singlet, bs = broad singlet. All NMR analysis was performed with MestReNova, Version 11. All assignments were made using a combination of COSY and HSQC NMR spectra (atom labeling is provided in the supporting information). MS of the cage compounds was performed on a Synapt G2 (Waters, Manchester, UK) mass spectrometer, using a direct infusion electrospray ionization source (ESI), controlled using Masslynx v4.1 software. All of the scans in the experimental are for positive ions. The samples were dissolved in acetonitrile at 50 µM. Prior to analysis, instruments were calibrated using a solution of sodium iodide (2 mg/mL) in 50:50 water:isopropanol. Capillary voltages were adjusted between 1.5 and 2.5 kV to optimize spray quality, while the sampling cone and the extraction cone voltage were minimized to reduce breakdown of the assemblies. Source temperature was set at 80 °C. The data was analyzed using the MassLynx v4.1 software. degassed with nitrogen for 10 min. The reaction mixture was heated to 60 ºC overnight. Then, the reaction mixture was cooled to rt, EtOAc (50 mL) was added and the reaction mixture was filtered through a pad of Celite.
The filtrate was washed with a saturated solution of NaHCO3 (50 mL), the organic layer was dried over MgSO4
and solvent was removed in vacuo. The solid obtained was crystallized from hot 2-propanol (40 mL), cooled to rt and further cooled in the freezer. The obtained material was filtered and washed with cold 2-propanol (5 mL) to obtain pure product as an off-white solid (305 mg, 66% yield). 1 was added to the reaction mixture and the reaction was stirred at 60 ºC overnight in the dark. Then, the reaction mixture was cooled to rt, filtered over a celite pad and solvent partially removed in vacuo (final volume of ~2 mL). The product was precipitated with Et2O (10 mL), filtered and washed with Et2O (10 mL) and isolated as a 1 H NMR (500 MHz, CD3NO2) δ 9.42 (s, 4H, Hd), 9.07 (d, J = 5. 
